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ABSTRACT

\

‘LA method’gg;w;:;;Laeveloped to unfold photon spectra from
measurements obtained with a sodium iodide counting system:
A response matrix is computed by combining photon cross
sections with probability distributions of path lengths for
incident and internally generated photons in the energy range
0-2.8 MeV. This matrix is inverted and multiplied by a
measured pulse height spectrum to obtain the photon energy
distribution incident upon the detector. This deconvolution
procedure provides improved information about the energy
continuum of incident photons and can enhance the
identification of discrete gamma energies.

Experiments were performed to verify the unfolding
methodology and to evaluate the feasibility and accuracy of
this technique. Measured spectra were acquired from indoor
and outdoor environments and unfolded. The results show that
measured spectra overestimate the number of photons below 240
keV by up to 30 %$. When the total exposure was calculated
directly from the measured spectra, the 1low energy
contribution was overestimated by a factor of two. This may
have implications on the interpretation and calibration of

energy dependent dosimeters used for occupational and

environmental monitoring./#\j(
¢
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INTRODUCTION

Scintillation detectors are widely used for gamma
spectra analysis and environmental radiation monitoring.
However, since spectrometers only record energy deposition
events within the detector, they don't necessarily show the
incident photon distribution responsible for these events.

Several methods have been used to obtain this incident
photon spectrum from measured pulse height distributions
(Knoll 1979). Spectrum stripping can be used when partial
deposition events appear exclusively below the total
absorption peak. If this occurs, then the highest energy
recorded must be the result of total absorption of the
incident photons. Partial deposition events resulting from
photons of the same energy can be subtracted from lower
channels and the process repeated for the next lowest energy.

However, for many counting systemns, thé conditions that
permit stripping are not always satisfied. Due to broad
resolution, an event can be registered on both sides of the
most probable channel making it difficult to determine the
photon energy responsible for the observed spectra. For this
situation, deconvolution or unfolding techniques must be

employed.
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All unfolding procedures require a set of response
functions which describe partial energy deposition events in
the detector for any combination of incident photons.
Computing these response functions has been accomplished
using Monte Carlo methods and is discussed by many authors
(Hubbell 1958; Zerby 1962; Berger and Seltzer 1972). These
published results are only valid for the detector and beam
geometry described, so if either changes, the Monte Carlo
computations must be repeated. The nature of this procedure
makes it expensive and time-consuming for use in most
situations.

An alternative method of computing response functions by
combining photon cross sections with path length
distributions was developed by Borak (1988). The only free
parameters in this approach are the dimensions of the NaI(Tl)
crystal and the resolution of the detection systen. The
feasibility of this technique was demonstrated by Merwin
(1985).

Whicker (1988) continued these efforts by combining the
response functions into a response matrix. The response
matrix was inverted and multiplied with a pulse height
spectrum to obtain the energy distribution incident upon the
detector. Experiments were performed to validate the
computations, and the results show the general accuracy of
this technique for unfolding spectra measured with a NaI(Tl)

detector.
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Unfortunately, this system assumes that all photons
entering the crystal had energies less than 2 MeV which does
not include some high energy photons typically present in a
natural radiation environment. Therefore, inherent error was
introduced into this deconvolution technique when applied to
measured spectra.

For example, Figure 1 shows a pulse height spectrum
obtained from a residential basement and unfolded. Although
20871 was present in detectable quantities, it could not be
seen in the unfolded spectrum because its photon energy, 2.61
MeV, was larger than the 2.0 MeV cutoff. Instead, it appears
that the unfolding routine tried to put all the counts
attributable to the high energy photons into the 1last
channel.

The objectives of this project were to expand the
response matrix calculations to 2.8 MeV and improve the
unfolding process with the associated 70 X 70 response

matrix.






Figure 1. Unfolded spectrum from
residential basement for photons in the
energy range of 0-2 MeV incident upon a
3" by 3" NaI(Tl) detector.
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METHODOLOGY

Calculation of Response Functions

To determine the response of a NaI(Tl) detector to an
incident photon, the probability of interaction and the amount
of energy deposited in the crystal must be computed. This
was done using a computer program called COWBOY as explained
in detail by Whicker (1988). A summary is included here.

The probability that an incident photon will have an
initial interaction in a detector is proportional to its path
length through the crystal. Since the photons can enter the
detector from any angle, there are many possible path lengths.
In COWBOY, the photons were assumed to be uniformly and
isotropically incident (Figure 2). In geometric probability,
this assumption is referred to as u-randomness, and the
resulting path lengths will have a defined probability
distribution.

A similar assumption was made for the internally
generated photons (Figure 3). These photons result from
incoherent scattering and pair production interactions within
the NaI(Tl) crystal. Although secondary photons have a
preferential scattering angle with respect to the primary

photon, the direction in the coordinate frame of the detector







Figure 2. Schematic representation of
uniformly and isotropically incident
photons upon a cylindrical detector.
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Figure 3. Schematic representation of
uniform and isotropic secondary photons
generated in a cylindrical detector.
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is random since the primary photon was incident randomly. 1In
geometric probability, this is described as I-randomness, and
the path lengths can also be characterized by a defined
probability density function.

For a cylindrical crystal with a diameter equal to its
height (elongation = 1), the path length distributions are
shown in Figure 4. These probability density functions were
generated using a simple Monte Carlo code (Borak 1988) and are
incorporated into COWBOY. Since the internal path length
distribution is computed from the external distribution, the
Monte Carlo process is used only once for a specified detector
geometry. If a different elongation is used, COWBOY only
requires the new path length distributions.

The probability that a photon will interact when passing
through a crystal is dependent on these path 1length
distributions and the total attenuation coefficient, x. 1In
COWBOY, u is calculated using the photoelectric, Compton, and
pair production cross sections. Equations to describe these
energy dependent parameters were obtained by fitting
polynomial functions to tabulated data. The photoelectric
cross sections were determined from Grodstein (1957); Compton
cross sections were found in Hubbell et al. (1975); and pair
production cross sections were obtained from Hubbell et al.

(1980) .
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Figure 4. External and internal path
length probability density functions for
a right circular cylinder with an
elongation = 1 (3" X 3").
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In determining the probability of interaction, the
photoelectric, Compton and pair production phenomena were
combined into the total attenuation coefficient. However when
considering energy deposition in the crystal, these events
must be examined separately. For photoelectric interactions,
all of the photon energy was assumed to be deposited in the
crystal. For Compton scattering, the Klein-Nishina formula
was used to determine the probability for obtaining a recoil
electron. Total deposition was then assumed for each recoil
electron. For pair production, total absorption of the
positron and electron was assumed. The annihilation photons
were allowed to undergo one interaction, depositing their
energy accordingly.

Therefore, the probability for an energy deposition event
from an incident photon is based on the sum of three
independent events, each of which is represented by a
corresponding probability distribution. COWBOY treats the
internally generated photons in a simiiar manner. For this
project, all source photons were allowed to interact a maximum
of four times. A scattered photon that had not been totally
absorbed after the fourth collision was assumed to escape the
crystal.

The final step in the calculation is to assign the energy
deposition probabilities to the appropriate channels

incorporating the resolution of the detection system.
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To determine the accuracy of this methodology, a response
function was computed for monoenergetic photons at 662 keV and

compared with a measured pulse height distribution for '¥cs.

Expansion of COWBOY

After the generation of the response functions was
verified, the program was expanded to include photon energies
up to 2.8 MeV. The time required to execute the enlarged
version of the program made it impractical to use on a
microcomputer. Therefore, the program was downloaded,
compiled, and run on a CYBER 205 supercomputer.

Expanding the program involved revising the subroutines
used to compute the Compton and pair production cross-
sections. Since the existing functions were only valid to 2.0
MeV, new functions were obtained by fitting the tabulated data
out to 5.0 MeV using regression techniques. These new
parameters were incorporated into COWBOY, and the dimensions
of arrays and executions statements were increased.

Before downloading the revised program to the mainframe,
a test was run to compare the two versions. A response
function was generated for eight sets of monoenergetic photons
equally spaced in energy from 0-2 MeV. The output from the
expanded program was compared with the previous version to
ensure that the same results were obtained.

After transferring the program to the CYBER, a similar
verification test was performed to ensure no errors were

accidentally introduced during downloading and debugging.
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Unfolding Methodology
The CYBER 205 supercomputer was used to generate the
complete response matrix, R, by combining the individual
response functions. The energy range from 0 to 2.8 MeV was
divided up into 40 keV intervals which yielded a 70 X 70
matrix. The elements of the matrix, R,;, correspond to the
probability that an incident photon of energy j, deposits
energy in channel i. Thus, the number of counts in a channel,

N;, can be expressed as (Knoll 1979):
N, = Ry * §;

where S; is the number of incident photons with energy j.
By inverting the response matrix, it is possible to

unfold the photon energy distribution from the measured data:
S, = Ry," * N,

Matrix inversion was performed with the program INVERT
by standard Gauss~-Jordan elimination method (Bevington 1969).
The program UNFOLD multiplied the inverted matrix with the
pulse height distribution to obtain the source spectrum. In
spite of the increased dimensions of the response matrix, the
matrix inversion and multiplication were accomplished on an

IBM compatible 286 AT microcomputer in less than 1 minute.
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Verification Using Computed Spectra

To test the deconvolution technique, response functions
were computed for 100 incident photons at different energies
and unfolded. The unfolded spectra were analyzed to ensure

that the expected source spectrum was produced.

Deconvolution of Measured Spectra

The unfolding methodology was applied to measured pulse
height distributions from four different environments. The
results from each location were compared to evaluate the
differences between measured and unfolded spectra especially
at low energies. Using the mass absorption coefficients for
air, the exposure rate from both the measured and unfolded
data were computed. These values were compared to determine

the contribution to exposure from low energy photons.

Filtering Routine

A pattern of channel-to-channel oscillations which become
undamped at high energies was seen in the unfolded spectrum
(Whicker 1988). Different digital filtering techniques were
used to eliminate these artifacts while still preserving the
incident spectra. Because the oscillations were almost
symmetric and had a period of two channels, a series of three

point smooths were used on the data.
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For this project, all unfolded spectra were filtered
using the same technique. One 3-point smooth was applied to
the measured (or computed) pulse height distribution. After
unfolding, three successive 3-point smooths were used.
Finally, Jjust before saving the unfolded spectrum, all

channels with a negative number of photons were set to zero.

Detector Efficiency

As a final test of the system, the efficiency (or yield)
of the 3" X 3" NaI(Tl) detector was computed as a function of
photon energy. The response functions created with COWBOY
take into consideration photons which pass through the
detector without depositing any energy. Therefore, the area
under a pulse height distribution computed for a 100 incident
photons represents the percent efficiency of the counting
system, This efficiency was computed for every 40 keV
interval from 0-2.8 MeV and compared with published values

(Harshaw 1975).
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RESULTS AND DISCUSSION

Calculation of Response Functions
To determine the accuracy of the response functions
generated by COWBOY, a pulse height distribution was computed

for 662 keV photons and compared to a '¥

Cs spectra that was
measured. The computed and measured data were normalized to
the maximum value found in their respective distributions.
As shown in Figure 5, the total absorption peaks show
excellent agreement. The measured spectrum shows a
backscatter peak and also has a higher Compton plateau because
source photons were scattered before entering the crystal.
Whicker (1988) performed analogous verification studies

using computed response functions and published spectra for

¥7cs, %°co, and **Na and obtained similar results.

Expansijo C

The polynomial equations for Compton and pair production
cross sections as a function of photon energy are listed in
the appendix. The coefficients were obtained using regression
techniques, and they predict the tabulated data within one

percent (Figures 6 and 7).
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Figure 5. Comparison between a measured
1%cg spectrum and a computed response
function for 662 keV photons incident
upon a 3" X 3" NaI(Tl) crystal. The
distributions were normalized to the
maximum value in each spectrum.
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Figure 6. Published Compton cross
sections (Hubbell et al. 1975) and the
predicted values used for computing the
response functions.
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Figure 7. Published pair production
cross sections (Hubbell et gl1. 1980) and
the predicted values used for computing
the response functions.
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.n expanding the program to 2.8 MeV, it was not necessary
to revise the photoelectric cross sections because this effect
is negligible above 2.0 MeV. Therefore, the values in Whicker
(1988) were used.

To ensure that the expansion of COWBOY and the revision
of the cross section subroutines did not alter the response
function calculations, the outputs from both program versions
were compared. Using identical inputs, a complicated response
function covering the energy range 0-2 MeV was generated with
both programs. The two pulse height distributions agreed
within 0.05 % as shown qualitatively in Figure 8.

Following this test, the program was transferred to the
CYBER 205 supercomputer. Instructions for downloading,
compiling, and running the program on the mainframe are
included in a separate report (Wannigman 1989).

Before generating the complete response matrix, one final
verification was performed. A response function for 100
photons incident at 2.79 MeV was creatediusing both the
microcomputer and the CYBER. Because it took the PC over six
hours to compute a four interaction pulse height spectrum for
photons at this energy, the incident photons were only allowed
to undergo two collisions. This reduced the computing time
on the IBM compatible to about 20 minutes. The output. from

both hardware devices were identical (Figure 9).
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Figure 8. Comparison of response
functions generated using both the
revised version of COWBOY and the
previous version (Whicker 1988) for eight
sets of monoenergetic photons allowed to
undergo four interactions in a 3" by 3"
NaI(Tl) crystal.
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Figure 9. Comparison of response
functions generated using both hardware
devices used to run COWBOY for 100 2.79
MeV photons allowed to undergo two
collisions in a 3" X 3" NaI(Tl) crystal.
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Verificatjon Using Computed Spectra

A response function was generated for three sets of
monoenergetic photons, 100 photons each, at energies of 1.0,
1.8, and 2.6 MeV. Unfolding this pulse height distribution
produced exactly 100 photons at each of the incident energies
(Figure 10). The unfolding was exact because each of the
incident energies corresponded to the center of one of the 40
keV intervals and was identical to the energy used in
generating the response function for that interval.

Next, a response function was computed for energies that
were not in the center of an interval (Figure 11). When this
spectra was unfolded, the photons were not confined to a
single channel. 1Instead, they were expressed as a broad peak
centered around the energy of the incident photons. Numerical
integration showed that the areas under each peak were all
within 2 % of the 100 photons, so the unfolding process still
produced the expected source spectrum.

Since the deconvolution methodology. was shown to
accurately unfold computed spectra, it was applied to measured

pulse height distributions from four different environments.

Deconv d t

The photon spectra in a residential basement was measured
with a 3" X 3" NaI(Tl) detector and unfolded (Figure 12). The
measured pulse height distribution is higher than the incident

photon distribution below 240 keV. The reverse is true above
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Figure 10. Computed response function
and unfolded energy distribution for
three sets of photons incident with
energies in the center of a 40 keV
interval.
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Figure 11. Computed response function
and unfolded energy distribution for six
sets of photons incident with energies
not in the center of an interval.
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Figure 12. Measured spectra from a
residential basement and the unfolded
rhoton distribution incident upon a 3" by
3" NaI(Tl) crystal.
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240 keV because the unfolding process reassigns partial energy
deposition events to the appropriate photon energy. The total
area under the unfolded spectrum is larger than the measured
spectrum because the unfolding also accounts for photons which
pass through the detector without depositing any energy.
Although more validation 1is required before a detailed
interpretation of the unfolded spectrum can be made, it is
clear that the deconvolution amplifies discrete gamma energies
such as the peaks for ‘K (at 1.46 MeV) and #°*T1 (at 2.61 MeV).

Similar results were obtained from an outdoor environment
(Figure 13). Again, the unfolding process identifies counts
associated with partial deposition events and assigns them to
the channel corresponding to the energy of the incident
photon.

A pulse height distribution was also measured at
different distances from a storage cabinet containing various
calibration sources. The spectra near the source cabinet
(Figure 14) were dominated by soft photons from scattered
radiation, and this low energy portion completely overpcwers
the structure at higher energies. Away from the source
cabinet, the flux of these soft photons was reduced, and the
peaks from each source could be seen (Figure 15).

An estimate of the exposure in the different environments
was found by multiplying the photon energy distributions by
the mass absorption coefficients for air. The relative

contribution from photons below 240 keV was computed for both
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Figure 13. Measured spectra from an
outdoor environment and the unfolded
photon distribution incident upon a 3" by
3" NaI(Tl) crystal.
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Figure 14. Measured spectra near a
source storage cabinet and the unfolded
photon distribution incident upon a 3" by
3" NaI(Tl) crystal.
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Figure 15. Measured spectra away from a
source storage cabinet and the unfolded
photon distribution incident upon a 3" by
3" NaI(Tl) crystal.
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4c
the measured and unfolded spectra. As shown in Table 1, the
incident photon distribution was significantly different fron

the measured spectra at these low energies.

Table 1. Relative contributions of low energy photons
(below 240 keV) to the pulse height distribution and
exposure rate computation.

. __________________________________|]

No. of photons Exposure rate

Indoor 68 % 53 % 34 % 17 %

Outdoor 71 56 36 19

Near source 78 67 49 31
cabinet

Away from 65 49 29 14
cabinet

For example, the measurements from the indoor environment
indicate that nearly seventy percent of all energy depositior
events were below 240 keV. However, only 53 % of the photons
in the unfolded spectra had these energies -- a difference of
nearly 30 %.

Similar results were obtained when comparing the exposure
rate estimations. If used directly, the low energy counts ir
the measured spectra would estimate that 34 % of the total

exposure is in this region. After unfolding, this drops tc

17 %.
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This observation was seen in each of the other
environments. The measured spectra consistently overestimated
the low energy component by 25 to 30 percent. If used
directly, this would provide a two-fold overestimation of the

soft photon contribution to exposure.

Detector Efficiency

As used here, the efficiency of the 3" X 3" NaI(Tl)
detector refers to the percent of all the photons that pass
through the detector which deposit a least some energy. It
is related to the photon cross sections and is therefore a
function of the gamma energy.

The efficiency was computed by using COWBOY to generate
a separate response function for every 40 keV interval from
0 to 2.8 MeV, and then numerically integrating the area under
each pulse height distribution. The published efficiencies
were taken from an equipment brochure (Harshaw 1975) for a
point source located on the surface of the detector. Because
only 50 % of the point source photons have an opportunity to
enter the crystal, the published ‘ralues were doubled before
being compared with the predicted values.

As shown in Figure 16, the program accurately computes
the energy dependent efficiencies for the specified detector

geometry.







Figure 16. Published detector
efficiencies (Harshaw 1975) and predicted
values for a 3" X 3" NaI(Tl) crystal.
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CONCLUSIONS

A method has been developed to unfold environmental
photon energy distributions from measured spectra. Response
functions were computed using path 1length probability
distributions and photon cross sections. Using matrix
inversion, the incident photon spectra was unfolded from pulse
height measurements in different environments. Verification
studies were performed to indicate the feasibility and general
accuracy of this deconvolution methodology for spectra
obtained with a NaI(Tl) counting system.

The results showed that there are dramatic differences
between measured and unfolded spectra especially below 240
keV, and although this isn't high resolution spectroscopy, the
unfolding process enhanced peaks that could not be seen in the
measurements. The deconvolution also demonstrated how partial
energy deposition events could lead to an overestimation of
exposure. This, in turn, can have important implications on
the interpretation and calibration of energy dependent
instruments used for occupational and environmental
monitoring.

Further testing of the unfolding methodology used in this
project is needed, and there are several possible areas to
address in future research. The most important of these is

the need to reduce the time required for computing the
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response functions. The most time consuming part in running
COWBOY is combining the probabilities of energy deposition
from multiple events within the detector. This is based on
the convolution theorem for the sum of random variables. The
computational effort might be reduced considerably by using
fast Fourier transformations.

Validation studies need to be conducted using a variety
of radionuclides with multiple photon energies. Sources with
known activity should be placed around the detector and the
resulting pulse height distribution unfolded. The photon flux
at the detector should be calculated and compared with the
value predicted by the unfolded spectra.

The effects of having relatively wide energy intervals
(40 keV) on the accuracy of the unfolding process should be
explored further. If the computational time can be
significantly reduced as described above, a 10 keV interval
might be warranted.

Finally, there are two factors that affect the measured
pulse height distribution that need to be investigated:
cosmic ray particles depositing some of their energy in the
NaI(Tl) crystal, and the attenuation of low energy photons by
the thin aluminum shield around the crystal. Once the
contribution from these components has been defined, it would

be simple to compensate for them during the unfolding routine.
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Energy dependent relationships for Compton and pair
production cross sections used in computing the response
functions. (E, = Photon energy in MeV)

Co 0 io

For E, < 0.001 MeV: Cross section = 0.0

For 0.001 MeV < E, < 0.005 MeV:

Cross section = -0 00295 + (8. 15 * E,) + (962 * E, i)
- (2. 55E+05%*E, ) + (1 66E-07*E, )

R® = 1.00

For 0.005 MeV < E, < 0.05 MeV:

Cross section = 0.000611 + gg .59 * E,) - (353 * E})
+ (6340 * E*) - (44000 * E ‘)

R? = 1,00

For 0.05 MeV < E, < 1.0 MeV:

Cross section = 0.123 - (0. 102 * E,) - (0. 109 * E, )
+(O300*E)-(0159*E)

R? = 0,997

For 1.0 MeV < E, < 5.0 MeV:

Cross section = 0.0900 - (O. 0503*E) + (0. 0171*E )
= (0.00293*E, ) + (0 000195*E, )

R = 1,00




wt

Producti Cross_Se s m

For E, < 1.022 MeV: Cross section = 0.0

For 1.022 < E, < 5.0 MeV:

Cross section = 2.13E-04 - [2.27E- 03 * 1n(E,)]
+ [1.01E-02 * 1ln(E,)? .
- [3.01E-03 * ln(E) ]
+ [4.38E-04 * ln(E)

R’ = 1.00
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